Methods

Patients and healthy individuals
We studied synovial fluid (n = 8) from inflamed knee joints and venous blood (n = 9) of ten patients with RA, as well as venous blood of sex-and age-matched healthy individuals (n = 10) who had not taken any medication during the 10 days prior to blood collection. All patients fulfilled the criteria of the American College of Rheumatology for RA [28] . Their demographic and clinical characteristics are summarized in Table 1 . This study was approved by the ethical committee of the Academic Medical Center of the University of Amsterdam and complies with the principles of the Declaration of Helsinki. All patients and healthy subjects had given their written informed consent.
Venous blood was collected into 0.1 volume of 105 mmol/L trisodium citrate. Synovial fluid from inflamed knee joints, because of its lower cell content, was collected into 0.1 volume of 210 mmol/L trisodium citrate [2] . Blood cells were removed by centrifugation (1550 × g, 20 min, room temperature) immediately after sample collection, and the synovial fluid and plasma samples were snap-frozen in liquid nitrogen and stored at -80°C. Data are presented as mean (SD), except where indicated otherwise. 1 Erosive disease was established using X-ray.
DMARDs, disease-modifying antirheumatic drugs; ESR, erythrocyte sedimentation rate; RA, rheumatoid arthritis.
Measurement of fluid phase complement activation products and complement activator molecules
Synovial fluid and plasma samples (250 μL aliquots) were thawed on melting ice, and made microparticle-free by centrifugation at 18890 × g for 60 min at 4°C. The upper 200
μL of the microparticle-free supernatants (synovial fluid or plasma) were removed and analyzed for concentrations of the soluble complement activation products C4b/c (C4b, inactivated C4b and its further degradation product C4c) and C3b/c (C3b, inactivated C3b and its further degradation product C3c) as well as SAP, as described previously, by enzyme-linked immunosorbent assays [29, 30] . CRP, IgM and IgG concentrations were analyzed on the Modular Analytics P800 using Tina-quant reagents (Roche Diagnostics, Basel, Switzerland).
Flow cytometric analysis of microparticles and bound complement components or complement activator molecules
Microparticles from synovial fluid and plasma were isolated as described previously [31] . Flow cytometric analysis was performed using an indirect staining procedure [31] . Since synovial fluid contains high levels of secretory phospholipase A 2 (sPLA 2 ), which hydrolyzes (among others) the negatively charged phospholipids on the microparticle surface, we could not use annexin V as a general marker for microparticles in this study [2, 16] . Acquisition was performed for 1 minute per sample, during which the flow cytometer analyzed approximately 60 μL of the suspension. Forward scatter and side scatter were set at logarithmic gain. To identify marker positive events, thresholds were set based on microparticle samples incubated with similar concentrations of isotype-matched control antibodies. Calculation of the number of microparticles per liter plasma was based upon the particle count per unit time, the flow rate of the flow cytometer, and the net dilution during sample preparation of the analyzed microparticle suspension.
Statistical analysis
Data were analyzed with GraphPad PRISM 3.02 (GraphPad Software, Inc., San Diego, CA, USA). Differences between groups were analyzed with one-way analysis of variance (ANOVA), followed by Bonferroni's multiple comparison test. Correlations were determined using Pearson's correlation test. In the correlation analysis of microparticles with CRP versus those with C1q on their surface, one outlier was removed. Differences and correlations were considered significant at P < 0.05. Data are presented as mean ± SD. Bonferroni's multiple comparison test. Two-tailed significance levels are provided (P), which were considered significant at P < 0.05. N.S., not significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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Differences between RA synovial fluid and RA plasma. 
Results
Concentration of fluid phase complement activation products and complement activator molecules
The fluid phase complement activation products C4b/c and C3b/c (Table 2) , as indicators of complement activation, were the highest in synovial fluid of the patients. In plasma of patients compared to healthy individuals, on average twice higher levels of complement activation products were present, although this difference did not reach significance.
As for the complement activator molecules ( Table 2) , levels of CRP were about 15 times higher in plasma of the patients when compared to plasma of healthy individuals, while in synovial fluid CRP concentrations were about half of those found in plasma of the patients. Levels of SAP did not differ between plasma of the patients and controls, but were 9 9
5-7 times lower in synovial fluid of the patients. Levels of IgM did not differ between the groups, and levels of IgG were the same in patient and control plasma but significantly lower in synovial fluid.
Microparticles with bound complement components on their surface
The total concentration of microparticles ( Figure 1 ) was on average highest in synovial fluid of RA patients (8.9 ± 10.2 × 10 9 /L). In plasma of the patients the mean concentration of microparticles was 3.3 ± 2.1 × 10 9 /L, and in plasma of healthy individuals 1.
The presence of microparticles with bound C1q, C4 and/or C3 on their surface was especially pronounced in synovial fluid of RA patients, but could also be detected, albeit at lower levels, in plasma samples of several of the patients as well as controls ( Figure 2A ). As shown quantitatively in Figure 2B , the concentrations of microparticles binding C1q were 29-and 37-fold higher in RA synovial fluid when compared with RA plasma and plasma of healthy individuals. The concentrations of microparticles binding C4 were 23-and 19-fold higher in RA synovial fluid versus RA plasma and plasma of healthy individuals, and the concentrations of microparticles binding C3 were 38-and 21-fold higher in RA synovial fluid when compared with RA plasma and plasma of healthy individuals. There were no significant differences between plasma of the patients and healthy individuals regarding levels of microparticles binding C1q, C4, or C3. Differences were analyzed with one-way ANOVA, followed by Bonferroni's multiple comparison test.
Two-tailed significance levels are provided (P), which were considered significant at P < 0.05. N.S., not significant; *P < 0.05.
RA, rheumatoid arthritis. were analyzed with one-way ANOVA, followed by Bonferroni's multiple comparison test. Two-tailed significance levels are provided (P), which were considered significant at P < 0.05. N.S., not significant; *P < 0.05; **P < 0.01.
RA, rheumatoid arthritis. Data are presented as mean ± SD. Differences were analyzed with one-way ANOVA, followed by Bonferroni's multiple comparison test. Two-tailed significance levels are provided (P), which were considered significant at P < 0.05. N.S., not significant; *P < 0.05; **P < 0.01.
CRP, C-reactive protein; IgG, immunoglobulin G; IgM, immunoglobulin M; RA, rheumatoid arthritis; SAP, serum amyloid P component.
The presence of activated C1q, C4 and C3 indicated classical pathway complement activation on the membrane surface of the microparticles. This was further corroborated by the fact that, as shown in Table 3 and Figure 4 , the levels of microparticles binding C1q correlated significantly to those binding C3 in synovial fluid of the patients, and to those binding C4 in plasma of the patients as well as healthy individuals.
The concentration of microparticles with bound C4 did not correlate to fluid phase C4b/c in any of the three sample groups (P > 0.05 for all; data not shown). Likewise, levels of microparticles with bound C3 did not correlate to fluid phase C3b/c (P > 0.05 for all; data not shown). This can be attributed to the different clearance processes that fluid phase and microparticle-bound complement fragments undergo and to other possible contributors to complement activation besides microparticles.
Microparticles with bound complement activator molecules on their surface
As for the microparticle-bound complement activator molecules (Figure 3) , microparticles with bound CRP on their surface were on average present at higher concentrations in synovial fluid and plasma of the patients, but the differences between the three groups of samples were not significant. Microparticles with bound SAP were present at similar concentrations in the three groups. On the other hand, microparticles with IgM and IgG on their surface were present at significantly higher levels in synovial fluid of the patients compared with plasma of the patients and healthy individuals. Correlation analysis was performed using Pearson's correlation test (r, correlation coefficient; P, twotailed significance level, considered significant at P < 0.05).
CRP, C-reactive protein; IgG, immunoglobulin G; IgM, immunoglobulin M; MP, microparticles; pos., positive; RA, rheumatoid arthritis; SAP, serum amyloid P component. Table   3 ) are shown. A. Correlations in synovial fluid of RA patients. B. Correlations in plasma of RA patients.
C. Correlations in plasma of healthy individuals. Correlation analysis was performed using Pearson's correlation test (r, correlation coefficient; P, two-tailed significance level, considered significant at P < 0.05).
CRP, C-reactive protein; IgG, immunoglobulin G; IgM, immunoglobulin M; RA, rheumatoid arthritis.
Correlations between microparticles binding the activator molecules CRP, SAP, IgM, or IgG, and those binding C1q are shown in Table 3 and Figure 4 . In synovial fluid of RA patients, the concentration of microparticles binding C1q correlated to the concentration of those binding IgG, and those binding IgM. In plasma of RA patients and in plasma of healthy individuals, the concentration of microparticles binding CRP correlated to those binding C1q.
Discussion
In this study we demonstrated the presence of C1q, C4 and C3 on the surface of cellderived microparticles isolated from synovial fluid and plasma of RA patients as well as plasma of healthy individuals. The levels of microparticles binding C1q correlated significantly to those binding C3 in synovial fluid of the patients, and to those binding C4 in plasma of the patients as well as healthy individuals. These results support the possible role of microparticles in complement activation in vivo via the classical pathway. We focused on classical pathway activation here because in previous studies performed in vitro on necrotic and apoptotic cells as well as neutrophil granulocyte-derived microparticles, a major role for the alternative pathway has been ruled out using Mg-EGTA, an inhibiting anti-C1q antibody, C1-inhibitor, and C1q-or C2-deficient serum [12, 13, 21] . A role for the mannose-binding lectin (MBL) pathway in complement activation was also excluded in those studies, in line with a previous report that MBL binds to necrotic and apoptotic cells and cell blebs in vitro but does not initiate complement activation [35] . The alternative pathway of complement activation also functions as an amplification loop for the classical (as well as the lectin) pathway [36] , and possibly contributed to some extent to complement activation in the samples we studied here. A differing degree of alternative pathway activation may have accounted for the difference between synovial fluid and plasma samples regarding correlation of microparticles with C1q on their surface to either microparticles with C3 (in synovial fluid) or C4 (in plasma) in the present study. Alternatively, different clearance rates of microparticles with bound C4 and C3 in synovial fluid versus plasma may be responsible for the observed discrepancy.
Although the total concentration of microparticles in synovial fluid of RA patients was on average only 3-fold higher than in plasma of these patients and 5-fold higher than in plasma of healthy individuals, synovial fluid had on average 20-40-fold higher levels of C1q-, C4-, and C3-binding microparticles than plasma of the patients and healthy individuals, with no differences between the latter two groups. The numbers of microparticles in synovial fluid of the patients (with or without bound complement components) might even have been underestimated, given the high concentration of hyaluronan, a high molecular weight glycosaminoglycan, in synovial fluid [37, 38] , which might "trap" some of the microparticles. Such high levels of C1q-, C4-, and C3-binding 9 9 microparticles indicate a much higher level of complement activation on the membrane surface of microparticles in synovial fluid of RA patients than in plasma of the patients and healthy individuals. A contributing factor to these high levels of microparticles with activated complement components bound to their surface might again be a different (lower) rate of clearance as compared to plasma of patients and healthy individuals. A lower clearance rate would, in return, be expected to result in higher rates of amplification of the complement cascade on the surface of the microparticles. Altogether, the higher levels of microparticles with activated complement components on their surface are expected to contribute to the proinflammatory state in the synovial compartment of RA patients.
The observed levels of microparticles with activated complement components on their surface in the different sample groups were in line with the levels of fluid phase complement activation products: the concentrations of C4b/c and C3b/c did not differ in patient and control plasma, but were significantly higher in synovial fluid of the patients. The fact that levels of microparticles with bound C4 and C3 activation products did not correlate to levels of fluid phase C4 and C3 fragments is not surprising, since the microparticle-bound and soluble forms of these complement components undergo different degradation and clearance processes. Furthermore, microparticles are probably not the only contributors to complement activation.
Regarding the role of activator molecules in complement activation on the surface of microparticles, in synovial fluid of the patients we found a significant correlation between the concentrations of microparticles with bound IgM and those with C1q, and an even stronger correlation between the concentrations of microparticles with IgG versus those with C1q. This suggests that the binding of C1q to IgG and IgM molecules on microparticles might be responsible for complement activation via the classical pathway in RA synovial fluid. Whether the binding of IgG molecules to microparticles occurs via Fcreceptors or by specific binding of the Fab regions, is as yet unknown. IgM molecules are known to bind to oxidized phospholipids and lysophospholipids [27, 39] , both of which are likely to be exposed on microparticles in the inflamed synovial fluid as a result of oxidative processes [18] and increased sPLA 2 activity [16] . In plasma of both RA patients and healthy individuals, the concentrations of microparticles binding CRP correlated well to those binding C1q, implicating CRP in the initiation of the classical pathway of complement activation, albeit at relatively low levels, in plasma. CRP binds to phosphorylcholine in the outer leaflet of membranes in the presence of sufficient amounts of lysophosphatidylcholine [40] , or to oxidized phosphatidylcholine [41] .
Our finding that in synovial fluid of RA patients microparticle-bound IgM and IgG, and in plasma of the patients and healthy individuals microparticle-bound CRP can be implicated in complement activation on the surface of the microparticles, does not reflect the fluid phase levels of these complement activator molecules in the respective sample groups. In RA synovial fluid, the levels of fluid phase IgG molecules are actually lower than in plasma of the patients and controls, and levels of CRP are much higher in both plasma and synovial fluid of the patients than in plasma of healthy individuals. This may serve as additional evidence for our presumption that the microparticle-bound molecules indeed play a role in complement activation. Here, we should point out that synovial fluid contains microparticles that are mainly of granulocytic and monocytic origin, with substantial numbers of microparticles derived from T cells as well. On the other hand, plasma of RA patients and healthy individuals contains microparticles derived mainly from platelets, in addition to considerable numbers of microparticles derived from erythrocytes [2] . The different cellular origin of the microparticles in synovial fluid versus plasma probably profoundly influences their ability to support complement activation on their surface, most likely via their ability to bind certain activator molecules.
Whether complement activation occurred on the surface of the microparticles themselves, or whether it had occurred on cells from which the microparticles had subsequently been released by blebbing of the surface membrane, is a question that still remains open. In experiments with apoptotic keratinocytes and endothelial cells in vitro, C1q was shown to bind specifically to surface blebs, regions about to be released as "microparticles" [10, 42] . On the other hand, Gasser et al. have shown that isolated microparticles from in vitro activated neutrophil granulocytes are also capable of binding C1q, C4 and C3 [20, 21] . Based on these in vitro data, it is likely that both in vitro and in vivo, the processes of microparticle formation and complement activation overlap, with complement activation occurring both on the cell surface and on the released microparticles. Nevertheless, indisputably proving this in vivo will require further investigations. At the same time, the question also arises whether microparticles might be more or less potent complement activators compared to their mother cells. Such data are not yet available. We presume that not only the overall area of the membrane surface available (numbers of microparticles and their surface area), but also the differing antigenic and lipid composition of microparticles as compared to their mother cells [43] [44] [45] [46] influence their relative potency.
In conclusion, this study demonstrates for the first time the presence of bound complement components and complement activator molecules on the surface of microparticles ex vivo. Our data support the concept that cell-derived microparticles can activate the classical pathway of complement in vivo, and suggest that microparticles may contribute to the pathogenesis of RA by activation of the complement system, especially in the inflamed synovial compartment. 
